Treatment with doxorubicin (Dox) results in serious systemic toxicities that limit effectiveness for cancer treatment and cause long-term health issues for cancer patients. We identified a new DNA aptamer to prostate-specific membrane antigen (PSMA) using fixed sequences to promote Dox binding and developed dimeric aptamer complexes ( 
Introduction
Cell-specific delivery of cytotoxic drugs via passive 1 and active targeting 2 is an important objective in order to improve cancer chemotherapy. 3 Successful targeting requires the targeting vehicle to have appropriate dimensions for tumor localization via the enhanced permeability and retention effect 4 and to bind with high affinity to an antigen that is specifically expressed by targeted cells. Successful drug delivery via a targeted approach must meet additional requirements regarding the stability of the drug complex-drug must be retained in the complex during targeting which may take several hours, but released from the complex after binding to the targeted cell. Drug delivery should also be efficient, releasing multiple drugs for each successfully targeted complex. There is a strong need for new targeted drug delivery approaches that display stability with high payload delivery.
Prostate-specific membrane antigen (PSMA) is of interest for selective delivery of therapeutics for cancer treatment as a consequence of its elevated expression on the apical plasma membrane 5 of prostate cancer (PCa) cells and in endothelial cells of vasculature from diverse malignancies. PSMA is an exopeptidase 6 with folate hydrolase and NAALADase (N-acetylated α-linked acidic dipeptidase) activities. PSMA also associates with the anaphase-promoting complex and its expression may promote aneuploidy. 7 PSMA is expressed by prostate epithelial cells, 8 however, elevated PSMA expression occurs in advanced PCa, including bone metastases 9 and PSMA expression levels are an independent predictor of PCa recurrence. 10 PSMA is also expressed in vasculature 11 from many different cancers including a high percentage of bladder, 12 gastric, and colorectal, 13 as well as hepatocellular, renal, breast, and ovarian cancer. 6 PSMA is expressed as a dimer, 14 and dimerized ligands targeting the PSMA dimer display improved activity relative to monovalent ligands. 15 The restricted expression of PSMA has resulted in numerous attempts to both image and treat cancer with PSMA-targeted diagnostic and therapeutic modalities. Three classes of molecules have been most frequently employed in these targeted applications: monoclonal antibodies such as J591, RNA aptamers such as A10-3, and small molecule inhibitors of PSMA enzymatic activity. Radiolabeled conjugates of J591 are being investigated for treatment of advanced PCa 16 and have been utilized for cancer imaging. PSMA inhibitors have been used to deliver theranostic nanoparticles to cancer cells. 17 The A10-3 RNA aptamer to PSMA has been used to deliver diverse therapeutic modalities selectively to cancer cells including cisplatin, 18, 19 functionalized nanoparticles, 20 a micelle-encapsulated PI3K inhibitor, 21 as well as toxins 22 , and small interfering RNA. 23, 24 Aptamer targeting of PSMA may be particularly beneficial for delivery of anticancer drugs that have serious systemic toxicities, such as doxorubicin (Dox). Dox is among the most widely used chemotherapy drugs, however, treatment results in a serious, occasionally lethal cardiotoxicity that may manifest years after treatment, necessitating the development of selective delivery approaches.
The current approaches to Dox delivery using RNA aptamers have several limitations that may be overcome to improve treatment outcomes. Current RNA aptamers are costly to produce, require modified nucleotides for nuclease stability and Dox is generally noncovalently associated with the aptamer. Noncovalent complexes of Dox with duplex DNA have limited stability with half-lives of only a few minutes (or less) and it is unlikely that noncovalent complexes of Dox with aptamers would be sufficiently stable for optimal in vivo activity. Here, we report a new strategy for improved targeted delivery of Dox to PSMA + cancer cells using a novel dimeric DNA aptamer complex bound to Dox through a pH-sensitive linker. PSMA is expressed on the plasma membrane as a dimer, and dimerized ligands targeting PSMA display improved activity relative to monovalent ligands. 15 We formed a dimeric aptamer complex (DAC) to take advantage of the dimeric nature of PSMA. As our goal was to efficiently deliver multiple Dox per DAC, we included 5′-dCpG, the preferred binding site for Dox, interspersed in the primers used for PCR amplification during SELEX to permit Dox-binding motifs to be retained in the final DNA aptamer sequence (Figure 1 ). We employed a novel strategy in which the priming sequences were imperfectly matched to fixed sequences within the template, permitting aptamer length to vary during the selection process. We identified a 48 nucleotide DNA aptamer (SZTI01, Supplementary Figure S1 ) using an affinity matrix consisting of the extracellular domain of human PSMA.
Results

Thermal stability of DACs
A key design feature for our strategy to deliver Dox to PCa cells was the formation of a duplex DNA "bridge" linking the two DNA aptamers in the DAC (Figure 1) . The bridging DNA duplex is designed to be sufficiently thermally stable such that the DAC remains intact under physiological conditions for times sufficient for aptamers to localize specifically to targets in vivo, and includes a preferred site for Dox binding (CpG). The fixed sequences used during the aptamer selection process also included preferred sites for Dox binding that are included in the final DAC structure.
Thermal melting profiles were obtained for DACs with and without Dox modification to evaluate stability of these complexes and any effects Dox may have on thermal stability (Figure 2) . The temperature-dependent ultraviolet (UV) melting profile for the dA 16 :T 16 DAC indicated some reduction in secondary structure at temperatures less than 30°C with initial dissociation of the dimeric complex at ~41 °C with a dissociation temperature of ~47 °C. While dissociation for this dimeric complex occurred above physiological temperature, increased stability would be preferred to promote longterm stability under physiological conditions. Further, the A-T duplex used to form this dimeric complex did not include a preferred Dox-binding sequence motif. We prepared an alternative DAC by appending GCCG and CGGC sequences to the 5′-and 3′-ends of the A 16 :T 16 DNA duplex-forming sequences (Figure 1) . The resulting DAC displayed a dissociation temperature of ~58 °C, thus displaying stability suitable for further development. Covalent modification of DAC with Dox (DAC-D) further enhanced complex stability, and the DAC-D complex displayed minimal change in absorbance for temperatures lower than the melting temperature consistent with Dox stabilizing DAC structure (Figure 2a) .
The secondary structure and thermal stability of DAC were further investigated using circular dichroism spectroscopy (Supplementary Figure S2) . The DAC complexes displayed circular dichroism spectra typical of B-form DNA with a maximum at 283 nm and a minimum at 248 nm consistent with the tail-forming sequences forming the target structures. Covalent modification with Dox in the DAC-D complex has no discernible effect on overall secondary structure for the complex although a slight sharpening in the peaks was noted. The DAC-D complex displayed less sensitivity to increased temperature relative to DAC and DAC + Dox indicating covalent modification with Dox stabilizes the overall complex. 
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Formation and dissociation of covalent Dox conjugates
The duplex DNA-binding motif stabilizing the DAC has the potential for binding two equivalents of Dox per complex. In addition, the DNA aptamers comprising the complex contained other CpG sites for potential Dox binding (Figure 1 ). We formed a covalent complex between the DAC and Dox (DAC-D) by mixing the dimeric complex with a fourfold excess of Dox in the presence of formaldehyde. We formed covalent linkages at 4:1 stoichiometry (Supplementary Figure  S3 ; Supplementary Table S1 ) and evaluated Dox transfer from the resulting covalent complex (DAC-D) in which Dox fluorescence is effectively quenched to an excess of a 25mer DNA hairpin in which Dox fluorescence is less effectively quenched. These studies revealed the half-life for Dox covalently bound in DAC-D via formaldehyde was >8 hours (Figure 2b) , while the dissociation of the noncovalent complex was too rapid to measure using this assay, but is fully dissociated in ≤5 minutes. These studies indicated that covalent attachment of Dox results in formation of a complex with increased retention of Dox that is well suited for drug delivery applications in vivo. 
PSMA-specific uptake of dimeric complexes
PSMA-specific delivery of Dox
The serious toxicities associated with Dox treatment indicate that premature release of Dox from targeting vehicles is likely to be therapeutically detrimental. In this regard, noncovalent complexes of Dox with DNA have demonstrated improved toxicity profiles relative to free-Dox, 25 however covalent linkage of Dox with a targeted DNA vehicle should markedly enhance efficacy and reduce systemic toxicities by limiting Dox dissociation while in circulation. We devised a strategy to covalently attach Dox to the DAC using formaldehyde, a strategy previously shown to promote covalent complex formation of Dox with genomic DNA. 26 The specific delivery of Dox to PSMA + cells using DAC-D was evaluated using confocal microscopy (Figure 5b) . While noncomplexed Dox readily accumulated in the nuclei of both PC3 and C4-2 cells, Dox delivered using DAC-D internalized nearly exclusively into C4-2 cells with minimal accumulation in PC3 cells. Dox fluorescence was exclusively nuclear, while the aptamer Confocal microscopy shows DAC binds to and is internalized by (a) the prostate-specific membrane antigen (PSMA) + cell line C4-2, but not by (b) the PSMA-null cell line PC3. Colocalization studies (dT 16 Quasar 570/green, dA 16 Quasar 670/red) confirm DAC internalization as a dimer in C4-2 cells. 
PSMA-dependent selective cytotoxicity
Paramount to targeted drug delivery is selective cytotoxicity towards targeted cells with minimal damage to nontargeted cells. The specificity of DAC-D for PSMA + cells was evaluated using cell viability assays in PC3 and C4-2 cells. The results are shown in Figure 6 . Free-Dox was highly cytotoxic to both PC3 and C4-2 cells consistent with the wide-spectrum activity previously reported (Supplementary Figure S5) . In contrast, Dox delivery via DAC-D was highly cytotoxic towards C4-2 cells, but displayed greatly reduced cytotoxicity to PC3 cells. For example, at Dox concentrations that resulted in ~90% reduction in viability for free-Dox (2 μmol/l), the same amount of Dox delivered via DAC-D displayed greater than 80% potency towards targeted C4-2 cells and less than 50% of cytotoxic activity towards PC3 cells.
An especially challenging situation for targeted drug delivery occurs when targeted cells are in close proximity to nonmalignant cells as arises in metastases to vital organs. In this case, highly localized cytotoxicity is desirable. To simulate this challenging environment, we performed coculture of luciferase-transfected C4-2 cells (C4-2-luc) with PC3 cells and assessed the viability of each cell line in coculture independently (Figure 6 ). Preliminary studies demonstrated that C4-2-luc and C4-2 cells displayed no significant difference in viability in response to Dox or the DAC-D complex 
Discussion
Aptamer-mediated delivery is a promising technology for improving the therapeutic index of cytotoxic drugs that cause serious systemic toxicities, such as Dox. We identified a new DNA aptamer to PSMA and developed a DAC to take advantage of PSMA being expressed as a dimer. Our objective was to use the DAC as a scaffold for high-capacity drug delivery. The process used for aptamer identification was designed to identify DNA sequences that included preferred Dox-binding sites (e.g., 5′-CpG). We also developed a process for covalent modification at the preferred binding sites with Dox resulting in a high-capacity (4:1) payload. The covalent linkage utilized is pH-sensitive releasing free-Dox in the acidic environment of endosomes following internalization into targeted cells. Released Dox migrates to the nucleus and binds genomic DNA interfering in replication and mitosis, while the DAC is retained in the cytosol. The resultant DAC-D complex is internalized selectively into PSMA + cells and is highly cytotoxic to these cells while displaying minimal effects to PSMA-null cells. Importantly, this high degree of selectivity is retained in the context of coculture experiments in which PSMA + cells retain full sensitivity to the targeted complex even while cocultured adjacent PSMA-null cells are not affected. It is anticipated that DAC-D complexes will be highly effective antitumor agents in vivo with minimal systemic toxicity.
DACs have potential advantages relative to monomeric aptamers for drug delivery applications in terms of target selection, target avidity, physical and chemical stability, higher payload capacity, improved pharmacokinetics, and utility if partly damaged-among other properties. The present studies utilized a DAC with both components targeting PSMA which is expressed as a dimer. The length of the 24 base pair DNA duplex connecting the component aptamers is approximately 70 Å which is similar to the dimensions of the PSMA dimer making it possible for the component aptamers to bind simultaneously, although optimization of DAC dimensions would be required to fully optimize simultaneous binding. The structure of the DAC utilized in the present studies was stable under physiologically relevant conditions and useful for highcapacity drug delivery with a 4:1 stoichiometry payload. In principle, additional Dox-binding sites can be included into the structure to further enhance drug delivery potential.
The chemical linkage used for covalent Dox attachment enables convenient synthesis with high yields and straightforward purification. While this approach is readily scaled for in vivo studies and eventual clinical applications, perhaps the most important advantage of using this chemistry for Dox delivery is that Dox is readily released from the DAC-D under moderately acidic conditions (pH <6) that occur in Aptamers may be prepared more cost effectively relative to monoclonal antibodies and are more amenable to chemical derivation for drug delivery applications. PSMA has emerged as a favored target for aptamer-mediated delivery of cytotoxic drugs and nanoparticles because of its elevated expression in advanced PCa and in the vasculature of diverse malignancies. The majority of studies described for PSMA targeting with aptamers have used variants of the A10 RNA aptamer. 22 While these studies have demonstrated target selectivity, there is a need for new aptamers that display improved targeting distinction and that retain the cytotoxic payload to a greater extent during delivery. We have identified a new DNA aptamer to PSMA, and developed a dimeric complex that displays a high degree of selectivity for PSMA + cells similar to the A10 RNA aptamer (Supplementary Figure S6) .
Improved pharmacokinetic properties and reduced cardiotoxicity are important characteristics for Dox delivery that improves treatment outcomes for cancer patients. In this regard, the liposomal formulation, Doxil, has demonstrated decreased blood clearance and reduced cardiotoxicity relative to free drug. Doxil is not specifically targeted to malignant cells, and delivery that includes active targeting is expected to further increase treatment efficacy. The DAC-D described here has molecular weight (~45 kDa) suitable for prolonged retention in plasma as well as tumor localization via the enhanced permeability and retention and with specificity for malignant cells via PSMA targeting. Future studies will investigate the pharmacokinetic properties of DAC-D as well as systemic toxicities and efficacy towards in vivo models of cancer. Based on previous studies showing DNA delivery of Dox-reduced cardiotoxicity, 25 we expect DAC-D to have minimal cardiotoxicity. Ultimately, we expect DAC-D to prove useful for clinical management of cancer.
Materials and methods
DNA SELEX.
Recombinant human PSMA extracellular domain (720 amino acids) was expressed from baculovirus (Kinakeet Biotechnology, Richmond, VA). The recombinant protein included a His-tag sequence that was used to form an affinity matrix using Talon beads which was then used in a DNA SELEX procedure to identify DNA aptamers to PSMA. DNA aptamers were selected from a library including a 47 nucleotide random sequence flanked by fixed sequences of 21 nucleotides each. The fixed sequences selected permit formation of short hairpins in the final aptamer that include stem regions with sequence elements favorable for Dox binding (underlined). The sequence for the random library was: dGCGAAAACGCAAAAGCGAAAA(N47)ACAGCAAT CGTATGCTTAGCA Initially, 8-μg ssDNA from the random library (307 pmol of DNA; 186 trillion sequences) was converted to doublestranded DNA (dsDNA) using a T7 fill-in reaction and amplified by PCR using primers that were imperfectly matched to the template.
5′ dGCGTTTTCGCTTTTGCGTTTT (forward) 5′ dAGCATTGCTATCGTAAGCAGA (reverse) The 5′-primer was synthesized with a 5′-phosphate and the resulting dsDNA was converted to ssDNA using λ-exonuclease to selectively cleave the strand amplified with the phosphorylated primer. SELEX forward rounds were performed by adding 1 mg of PSMA bound to Dynabeads Talon (Invitrogen, Oslo, Norway) to 700 μl of binding buffer (100 mmol/l NaCl, 20 mmol/l Tris, 2 mmol/l MgCl 2 , 5 mmol/l KCl, 1 mmol/l CaCl 2 , 0.2% Tween-20, pH 8). The beads were removed using a Dynal magnet (Invitrogen) and were washed four times with binding buffer. At least 10 μg of ssDNA was annealed by heating to 95 °C followed by gentle cooling and was added to the PSMA matrix followed by vortexing and incubation for 1 hour at 37 °C with mild agitation. The supernatant was removed and 20 μl of 5 μmol/l 5′-phosphorylated primer was added to the beads and the mixture was heated to 95 °C for 5 minutes following which the beads were sequestered and the supernatant transferred to a clean microfuge tube and DNA converted to dsDNA using a primer extension reaction using T7 polymerase. DNA was collected by ethanol precipitation and then amplified by 10 cycles of PCR using a phosphorylated 3′-primer. The dsDNA was purified by gel electrophoresis followed by ethanol precipitation and then converted to ssDNA by treating 32-40 μg of dsDNA with λ-exonuclease for 30 minutes at 37 °C followed by ethanol precipitation. The resulting ssDNA was analyzed by gel electrophoresis and quantified by UV absorbance and used in a subsequent SELEX forward or counter round. Counter rounds differed from forward rounds by incubation with a magnetic bead matrix that did not contain PSMA and using the DNA that did not bind to the matrix for subsequent PCR amplification. A total of 10 forward and two counter rounds were performed. After the final SELEX round, ssDNA was converted to dsDNA using a T7 fill-in procedure and was cloned into a pGEM vector (Promega, Madison, WI) for sequencing. A single, 48 nucleotide sequence (SZTI01) was identified and used in subsequent studies.
SZTI 01 : dGCGTTTTCGCTTTTGCGTTTTGGGTCATCTGC TTACGATAGCAATGCT PSMA-specific aptamer synthesis. The DNA aptamer sequences were synthesized at either the University of Calgary (Calgary, Alberta, Canada) or IDT (Coralville, IA). Aptamers were reconstituted in sterile, nuclease-free H 2 O at 100 μmol/l. DACs were prepared from aptamers that included either a dA 16 or T 16 single-stranded tail at the 3′-terminus (dA 16 :T 16 DAC) by mixing the two monomers at 1:1 ratio followed by heating to 95 °C and gentle cooling. The DAC used for these studies (unless otherwise indicated) included the sequences dCGGCA 16 GCCG or dCGGCT 16 GCCG. The secondary structure for the DAC calculated using m-fold is shown in Figure 1 .
Synthesis of DAC-D complexes.
The covalent complex of DAC-D was prepared by mixing 250 μl of a 50 μmol/l solution of the DAC with a Dox-formaldehyde solution prepared upon incubation of a 0.37% formaldehyde solution in Dulbecco's phosphate-buffered saline (PBS) without calcium or magnesium pH 7.4 with Dox. The reaction proceeded in a light-free manner at 4 °C for 48 hours. The solution was extracted once with 300 μl of phenol:chloroform followed by two additional extractions with 300 μl chloroform. The aqueous phase was then ethanol precipitated and the pellet rinsed 2× with 70% ethanol and once with absolute ethanol and dried under reduced pressure. The red pellet was resuspended in 100 μl dH 2 O. Yields were typically >90% based on DNA recovery.
Determination of Dox:DNA ratios. DNA samples were prepared in dH 2 O and absorbencies were measured from 200-800 nm using a Beckman Coulter DU-800 spectrophotometer (Beckman Coulter, Brea, CA). A standard curve of Dox was established between 1 and 10 μmol/l by using absorbencies at 494 nm at 85 °C. To assess the amount of Dox covalently bound to DNA, the samples were heated to 85 °C before measuring the absorbance at 494 and 260 nm. The 260 nm wavelength was used to determine the DNA content in the sample and to determine the Dox:DNA ratio.
Dox transfer from DAC-D.
Samples of DAC-D or the noncovalent complex (DAC + D), or free-Dox 625 nmol/l were prepared in Dulbecco's PBS with or without a 100-fold (by weight) excess of a 25mer DNA and were incubated at 37 °C. Changes in fluorescence intensity were determined using a Typhoon-9210 variable mode imager with excitation set to 532 nm and the emission filter at 580 nm.
Temperature-dependent UV studies. Temperature-dependent UV absorption spectra were obtained using a Beckman Coulter DU-800 UV-Vis spectrophotometer. Samples of DAC, DAC-D, and DAC + D were prepared. The temperature was increased at a rate of 0.7 °C/minute over the range 20-85 °C and absorbance at 260 nm was measured for each sample (400 μl and 1 μmol/l) concentration.
Cell lines. The C4-2 cell line was a gift from Dr Elizabeth M Wilson (University of North Carolina, Chapel Hill, NC). C4-2-Luc cell line was generated by transfecting C4-2 cells with pTRE2hygro and firefly luciferase (PGL3). PC3 cells were purchased from cell and viral vector core laboratory at Wake Forest School of Medicine. All cells were maintained with RPMI 1640 (Gibco, Grand Island, NY) with 10% fetal bovine serum (Gemini Bio-Products, West Sacramento, CA). All cells were kept at 5% CO 2 at 37 °C.
Confocal microscopy. Cells were seeded at 20,000 cells/well in 8-well Lab-Tek II chambered #1.5 German Coverglass System (Thermo Fisher Scientific, Waltham, MA), and incubated at 37 °C under 5% CO 2 for 2 days. Cells were incubated with 1 μmol/l of DAC in which the dA 16 aptamer was labeled with Quasar 570 at the 5′-terminus and the T 16 aptamer was labeled with Quasar 670 dyes in RPMI medium with 10% fetal bovine serum for 2 hours at 37 °C. Cells were washed with fresh media and Dulbecco's PBS, followed by a 5 minutes fixation with 3.7% formaldehyde in Dulbecco's PBS. Cells were visualized using a Zeiss LSM510 confocal microscope (Carl Zeiss, Oberkochen, Germany). Cells were also incubated with 1 μmol/l of DAC-D (or the noncovalent DAC + D) for 2 hours. DACs were only labeled with Quasar 670 for these studies as the Quasar 570 emission would interfere with the Dox emission. Cells were washed, fixed, and imaged using identical procedures.
Flow cytometry. PC3 and C4-2 cells were incubated with 1 μmol/l of DAC for 2 hours at 37 °C. Dimers were fluorescently labeled with either Quasar 570 or 670 alone, or both. Cells were trypsinized and washed with PBS twice. Cells resuspended in PBS were analyzed to measure their intracellular fluorescence using the Accuri C6 flow cytometer (BD Biosciences, San Jose, CA).
Cytotoxicity measurements. PC3, C4-2, and C4-2-Luc cells were seeded at a density of 3,000 cells/well in 96-well plates and incubated at 37 °C under 5% CO 2 . Next day, the cells were treated with Dox, DAC + Dox, or DAC-D for 24 hours. Next day the treatment was removed, cells were washed once with warm fresh media and incubated for another 48 hours in fresh media. Cell counts were measured indirectly by measuring the ATP amounts using CellTiter-Glo luminescent cell viability assay (Promega) according to the manufacturer's protocol. In coculture experiments, PC3 and C4-2-Luc cells were each seeded at a density of 1,500 cells/well in 96-well plates. Cocultured cells were treated with Dox, DAC + Dox, or DAC-D and cell viability was also measured using the CellTiter-Glo assay. Luciferase levels were measured for cocultures of PC3 and C4-2-Luc cells using a luciferase reporter assay system (Promega). PC3 and C4-2-Luc cells were seeded and treated as described above and the cells were lysed and luciferase activity was measured according to the manufacturer's protocol. Figure S1 . The sequence of the SZTI01 aptamer. Figure S2 . Circular dichroism spectra were acquired at three temperatures (as indicated) at wavelengths 200-350 nm and a graph of the temperature-dependent reduction in ellipticity, which is less for DAC-D than DAC, is displayed. Figure S3 . A standard curve for Dox was established by measuring the absorbance of Dox at 494 nm at 85 °C. Table S1 . Absorbance values for DAC-D complexes of different aptamer:Dox ratio.
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